We present an alternative formulation of Newton's second law applicable to the solution of rolling, rigid body problems.
mechanics lies in the superposition of two kinds of motion: translational and rotational. An additional difficulty is that the rolling motion of the rigid body is treated minimally in the majority of academic books at school level. Articles published in the last decade in Physics Education [1] [2] [3] [4] prove the importance of solving this problem. Inspiration for the work mentioned above was drawn from Shaw's article published in 1979 [5] .
In this article we present an alternative form of Newton's second law for rolling motion. This form is used to calculate the accelerations of a yo-yo descending on a string and of the rolling cylinder. In both cases the acting forces are parallel to the centre-of-mass velocity of the accelerating bodies. Also we assume that slipping does not occur.
Rolling motion without slipping
First we will consider a cylindrical rigid body rolling without slipping on a flat surface (figure 1), while a force F is being exerted on the centre of mass of the body. The cylinder is rotating about its symmetry axis and moving translationally. It is known that this motion can be considered as a rotation about an instantaneous axis of rotation at point A. Applying the parallel axis theorem, we can write
where R is the distance between the centre of mass and the instantaneous axis of rotation, I c is the moment of inertia of the cylinder about its symmetry axis, M is the mass of the cylinder and ␣ is the angular acceleration of its rotation about the symmetry axis.
Because the cylindrical body is rolling on a flat surface without slipping, the translational acceleration of the body is associated with the angular acceleration of the rotation by the relation ␣ ϭ a c /R, where a c is the acceleration of the centre of mass of the cylinder. Substituting the formula for ␣ in (1), the force F acting on the centre of mass of the body can be written as
which is identical in form to Newton's second law for translational motion. In this equation, the mass of the body is replaced by the sum of the inertial mass M and the term I c /R 2 , which is associated with the rotational motion of the body. Equation (2) demonstrates that the translational acceleration of the rolling body subject to the force F is smaller than in the case when it is only sliding without friction. This equation also shows that for bodies with the same mass M, the greater the moment of inertia, the smaller the translational acceleration.
Presenting equation (2) in the form
we see that the force F acting on the centre of mass of the rolling body is the sum of two forces F t and F r , each corresponding to one kind of motion. F t is responsible for the pure translational motion of the centre of mass of the body and F r for the rotational motion of the cylinder about the centre of mass.
Students face the problem of calculating: what force acts parallel to the surface at point A when a cylinder is rolling with acceleration? To explain this, we suppose that the centre of mass of the cylinder is at rest and the surface is moving. It is obvious that the same result for the angular acceleration of the cylinder will be obtained when the moving surface acts on the cylinder with a force equal to the value of force F r . Therefore we can say that the force F r which causes the rotational acceleration of the body is equal to the value of force f which the cylinder exerts on the surface. If the force f is smaller than the static frictional force, then the cylinder is rolling on the surface without sliding. In this case the work of force f is equal to zero, because this force does not cause any displacement of point A.
The formula for the kinetic energy of the rolling rigid body can be obtained in a similar way. The kinetic
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energy in that case is
where is the angular velocity and V c is the velocity of the centre of mass. Using the scalar relation V c ϭ R, equation (4) yields
As in (2), the 'apparent' mass is M ϩ I c /R 2 .
The formulae (2) and (5) obtained above lead to the conclusion that the generally known mechanical formulae can be used for the rolling motion, but the mass of the body must include the inertial mass M and the term I c /R 2 associated with the rotational motion of the body.
The yo-yo
As the first example of the application of equation (2) to obtain the translational acceleration of a rolling object, we consider the movement of a yo-yo presented in figure 2 . Suppose that it starts from rest and rolls down the string. The force F responsible for the acceleration of the yo-yo is the gravitational force, which can be considered to act on the centre of mass of the body. The moment of inertia will be approximately that of a uniform cylinder of outside radius R, that is I c ϭ ᎏ
The distance between the centre of mass and the instantaneous axis of rotation of the yo-yo is equal to r. Substituting these values into equation (2) we obtain
The tension in the string T is equal to the force which is responsible for the rotation of the yo-yo:
2 ᎏ ϭ Mg .
Conclusions
In conclusion, we have presented one method of solving rolling, rigid body problems that brings out an understanding of the two superimposed movements, rolling and translational motion. The effect of increasing the moment of inertia by redistributing the mass of the rolling body has been discussed and the magnitude of the force acting on the surface explained.
